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Abstract 13 
This work studies the impact of water formation on the performance of Proton Exchange 14 
Membrane Fuel Cells (PEMFCs). The work examines water management in PEM fuel cells 15 
both experimentally and theoretically. 16 
Experiments are conducted using a one stack PEM fuel cell fitted with Nafion membrane to 17 
evaluate its performance using both dry and humidified hydrogen and air. Results obtained 18 
confirms the importance of fuel humidification in improving the performance of the fuel cell 19 
with all levels of humidification producing better performance than that obtained using dry 20 
hydrogen or dry air. Experiments using air with 50% relative humidity indicate drop in the fuel 21 
cell performance when comparing the results to those from air with 100% relative humidity. 22 
The experimental data provides the basis to validate a computation fluid dynamics model for 23 
the fuel cell that is used to carry out further studies and conduct a parametric analysis of the 24 
fuel cell performance to examine the effects of flow plates designs, flow patterns such as 25 
parallel and counter flow and level of humidification on membrane water saturation, flooding, 26 
water management, reactants concentrations and overall cell performance by observing 27 
parameters such as membrane protonic conductivity, current density, cell voltage and power. 28 
The CFD model studies and compares the use of air and oxygen in PEM fuel cells and the 29 
results show that for 100% relative humidity the performance obtained using pure oxygen is 30 
only marginally better than the one obtained when using air. This indicates that it is more 31 
beneficial to use air at the right conditions in PEM fuel cells given the cost of pure oxygen as 32 
the overall economic balance and the ease of use favour the utilisation of air. 33 
Key words: Humidification, PEM fuel cell, Polarization curve, ANSYS,  34 
1.0 Introduction. 35 
The search for new alternative fuel sources continues due the environmental impacts of the use 36 
of fossil fuels and their non-sustainable nature as they are being continuously depleted [1]. The 37 
high efficiency of proton exchange membrane fuel cells has led researchers and the industry to 38 
consider it as a possible replacement of fossil fuel [2, 3]. Fuel cells are best described as 39 
electrochemical devices that generate power by means of electrochemical reaction of a fuel 40 
(hydrogen) and oxidant (air/oxygen) [4]. The environmental effects of the usage of fuel cells 41 
are among the key indicators of the viability of this useful technology [5]. They produce no 42 
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harmful gases and hence considered the future of the energy industry. They are considered as 43 
the future of the automotive industry and could also be useful in other stationary and portable 44 
applications [6]. There are different types of fuel cells and most of them are named according 45 
to the electrolyte being used [7]. The last decades have seen the introduction of the Alkaline 46 
fuel cell (AFC), Direct Methanol fuel cells (DMFC), Phosphoric Acid fuel cells (PAFC), 47 
Molten Carbonate fuel cells (MCFC), Solid Oxide fuel cells (SOFC) and the Proton Exchange 48 
membrane fuel cells (PEMFC). The use of Proton Exchange Membrane fuel cells is preferred 49 
as they operate at low temperatures ranging from 30oC to 70oC and have high power density 50 
and they are useful for fast start-ups and rapid response to fluctuating demands [8].  51 
The electrolyte of PEM fuel cells is solid polymer which is in the form of solid proton 52 
conducting membrane that acts as the electrolyte.  53 
The main parts of the fuel cell are the Membrane electrode assembly (MEA) and the bipolar 54 
plates [9]. The membrane electrode assembly is made up of a gas diffusion layer which is 55 
porous, a proton exchange membrane and a catalyst layer sandwiched between two plates [9]. 56 
The bipolar plate serves as the medium through which the fuel or oxidant travels to the MEA 57 
for the electrochemical reaction to occur. The bipolar plates often have different pattern of 58 
grooves of flow channels to supply the fuel cell with the gases at both the anode and the 59 
cathode. This clearly indicates that an effective design of the bipolar plate will have a direct 60 
implication on the performance of the fuel cell. This is because the effective distribution of the 61 
fuel and oxidant over the membrane surface and the diffusion to the catalyst layer will enhance 62 
the use of the catalyst active sites, which are often platinum catalyst atoms that are dispersed 63 
in a layer as part of the MEA. Again, the water management in the fuel cell will be highly 64 
improved as by product of the electrochemical reaction will easily exit the cell. Another 65 
advantage of an effective flow plate design is the enhanced efficiency of the collection of the 66 
electrons [9]. Several investigations have been conducted on the design of the bipolar plate as 67 
it contributes to 60 percent of the weight of the fuel cell as well as 30 percent of the entire cost 68 
of the fuel cell [10]. Pins, straight, double serpentine, serpentine, interdigitated channels 69 
designs are some of the bipolar plate’s configurations that have been investigated in recent 70 
years [11, 12]. The pin type flow channels and that of the interdigitated flow channel were also 71 
reviewed [13].  72 
Atul and Ramana [14] and Tabbi et al [15] observed that one of the main challenges hindering 73 
the ability of a fuel cell to operate at its full potential is the flow channel design and this in turn 74 
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impact the commercial viability of the use and wide adoption of fuel cell worldwide. Gas 75 
distribution evenly through the flow channels leads to 50% increase in the power density 76 
according to an investigation carried out by Carton et al [6]. The by-product of the 77 
electrochemical reaction in the fuel cell is often water and heat. In effect, dissipation of the by-78 
product out of the fuel cell will critically contribute to the performance of the fuel cell by 79 
reducing the chances of flooding in the membrane. This phenomenon is likely to occur because 80 
of portions of the membrane covered by water hence not contributing to the electrochemical 81 
reaction. Sometimes the water is also collected in the Gas diffusion layer as well. The area on 82 
the membrane that does not participate in the chemical reaction is referred to as a dead zone. 83 
Drying of the membrane could also have a detrimental effect on the fuel cell as protonic 84 
conductivity through the membrane would be reduced due to an increase in resistance in the 85 
membrane hence leading to high ohmic losses. Another investigation carried out concluded 86 
that the power output for interdigitated designs was 1.4 times higher compared to traditional 87 
bipolar plate designs (Serpentine). They further argued that reducing the cross-sectional area 88 
of the flow channel from 50.75% to 66.67% of traditional flow field designs will increase the 89 
performance of the fuel cell appreciably [16]. Nguyen [17] also explored the impact of varying 90 
physical conditions such as temperature, atmospheric pressure, humidity and stoichiometric 91 
ratio on the performance of the fuel cell. The report also confirmed that the fuel cell can perform 92 
better even at higher temperature provided the humidification temperature is increased as was 93 
also reported by Tabbi et al. [2]. Another conclusion made was that when the fuel cell is being 94 
operated at a higher current density, the effect of humidifying the reactant at both the anode 95 
and cathode region would not influence the performance of the fuel cell in any way. Kazim et 96 
al [18] also investigated the effect of the bipolar plate design on water management. The 97 
research considered comparing 2 types of landing to channel ratio (1:1 and 2:2) with respect to 98 
two different bipolar plate designs i.e. serpentine and interdigitated for two different areas 99 
(25cm2 and 70cm2). A conclusion was deduced that increasing the cross- sectional area of the 100 
channel of the fuel cell reduced the power density. Manso et al [19] considered three 101 
dimensional numerical model studies of the counter flow via the GDL for serpentine bipolar 102 
plate [19]. The pressure drop was lesser for proton exchange membrane fuel cell without 103 
counter flow when compared to that of counter flow. The implications of using varying channel 104 
dimensions and configurations were investigated using Ansys by Dilip and Trung [20]. The 105 
work established the best optimum channel width and channel depth to increase the 106 
performance of the fuel cell. Effect of water management on the performance of the fuel cell 107 
using serpentine and interdigitated flow channels was reported by Nguyen [17]. The 108 
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investigation exposed the fact that electro – osmotic drag and back diffusion were the main 109 
parameters that helped in the formation of water at the cathode region after the electrochemical 110 
reaction between the fuel and oxygen when the current density is high. The rate of water 111 
production is normally higher than the rate of its removal hence in the inner porous layers the 112 
water accumulates. Water flooding occurs when this happens, and the direct effect is a reduced 113 
output voltage or current from the fuel cell [21-27].  114 
A 2-dimensional model developed based on Darcy equation for flow in porous media was also 115 
investigated by Cano et al [23].  116 
The standard diffusion equation for transport in the GDL and the boundary conditions obtained 117 
from the Butler – Volmer equation were used to describe the physical phenomena occurring in 118 
the catalyst region of the PEMFC. The interdigitated bipolar plate design again performed 119 
better with the results from the mathematical model they derived showing current density three 120 
times that obtained from a traditional serpentine proton exchange membrane fuel cell [24]. 121 
Khazae and Sabadbanfan [25] reviewed the literature and studied the effect of the different 122 
kinds of flow channel designs including serpentine, straight parallel flow field, z parallel flow 123 
field, pin or meshed flow field as well as the interdigitated flow field.  124 
Design of experiments techniques were used to investigate three different flow channel designs 125 
of fuel cells operating at low temperatures [22]. Carton and Olabi also studied three-126 
dimensional flow through an open pore cellular foam material using Fluent CFD with varying 127 
humidification conditions [6].  128 
A 3-dimensional numerical analysis on a radial flow patterned PEMFC was conducted by 129 
Shimpalee et al [28]. The effect of relative humidity with respect to flow field design of a 130 
rectangular PEMFC having cross sectional area of 24.8cm2 was also investigated by Liu and 131 
Li [29] who studied the effect of flow pattern of the fuel and oxygen on the performance of the 132 
fuel cell. The work showed that increasing relative humidity increased the performance of the 133 
fuel cell with a serpentine flow plate design. Impact of the size of the bends in the serpentine 134 
flow channel has also been investigated [30 – 32]. The numerical study for determining the 135 
current density and the effect of dryness of the membrane on the performance of the fuel cell 136 
has all been carried out but there is little parametric studies on the effect of flow field designs 137 
on the water management and power output [33]. Optimization of the flow channel for the 138 
anode and cathode flow regions is recommended to develop better understanding of water 139 
management in a fuel cell to prevent the possibility of the membrane flooding and also to ensure 140 
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optimal pressure drop through the flow channels. Detailed information about the fluid 141 
dynamics for each humidification parameters considered was equally discussed. Many 142 
researchers used CFD in analyzing their design concepts [34 – 39].  143 
This work investigates the performance of a fuel cell with an active area of 25cm2 numerically. 144 
The work optimizes the said PEM fuel cell performance with respect to water management in 145 
the membrane and the overall performance of the fuel cell at different humidification 146 
conditions. This will improve the economics of the use of fuel cells by reducing the operational 147 
cost of fuel cells at varying operational conditions and ensuring performance at peak levels.   148 
2.0 Model Validation 149 
The computational results generated in Ansys Fluent (shown in appendix A) were first 150 
compared with experimental results obtained from the experimental setup shown in Appendix 151 
B and those obtained by Cheng et al.[40]. There is a perfect agreement between the numerical 152 
results generated in Ansys and those obtained in the laboratory as well as the results of Cheng 153 
et al. [40] as shown in Fig. 1. The differences between the current densities of the three results 154 
being compared are small and the standard deviation is less than 0.0075A/cm2 which is smaller 155 
than those obtained by Giri and Bannerjee (1975) [41]. 156 
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 157 
Fig. 1. Numerical verification of the current density of the PEM fuel cell 158 
The same observation can be said of Fig. 2, where the differences between power density 159 
curves for the three results were also small. Table 1 shows the specific voltage and current 160 
density obtained as well as the deviation between the experimental and computational results. 161 
The experimental results obtained showed lower values than the numerical/computational 162 
results as this can be attributed to experimental physical operating parameters like the cell 163 
operating temperature that kept fluctuating in the laboratory. 164 
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 165 
  Fig. 2:  Numerical verification of the Power density of the PEM fuel cell 166 
 167 
Table 1: Comparison between computational and experimental data  168 
No. Voltage (V) Current density (A/cm2) 
  Experimental 
results 
Computational  Percentage 
Deviation 
a 0.90 0.0010 0.0015 0.66 
b 0.85 0.05528 0.05429 1.80 
c 0.80 0.08551 0.09001 4.99 
d 0.75 0.1941 0.18510 4.60 
e 0.70 0.2755 0.2801 1.64 
f 0.65 0.3489 0.3378 3.18 
 169 
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2.1 Effect of the direction of the flow of the gas. 170 
The first numerical simulation that was done was to determine the pattern of the flow of the 171 
gas as this will have a large impact on the performance of the fuel cell. Two types of flow 172 
patterns were considered, namely, parallel and counter flow patterns. Each of these flow 173 
patterns were considered for one specific geometry as shown in Fig. 3. 174 
 175 
Fig. 3:  PEM fuel cell geometry used in the simulation. 176 
 177 
 178 
 179 
 180 
 181 
 182 
 183 
 184 
 185 
 186 
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a. 
  
b. 
 
 
Fig. 4: Flow directions in the PEM fuel cell module a) Parallel flow b) Counter flow. 
 
 
 187 
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The counter/cross flow pattern (Fig. 4b) results in the gases moving in opposite direction to 188 
each other and in the parallel flow (Fig. 4a) arrangement all the gas flows in the same direction. 189 
It is also possible to design the flow channel for both the hydrogen and oxygen to flow in 190 
different (mixed) direction. 191 
2.1.1 Parallel flow pattern 192 
Concentration of hydrogen 193 
This flow direction as shown in Fig. 4a allows the gas to be evenly distributed at the anode 194 
region of the fuel cell while at the cathode region the oxygen gas is also evenly distributed. It 195 
must be noted that a good distribution of the gas in the flow channel often leads to more current 196 
being generated by the fuel cell. It also supports the life span of the fuel cell as it aids in the 197 
water management of the cell.  198 
Fig. 5 shows the hydrogen concentration at the anode region. The concentration of the 199 
hydrogen gas in Fig. 5 drops gradually between the inlet and the outlet indicating that the 200 
hydrogen is consumed as it flows from the inlet to the outlet of the anode flow field. 201 
 202 
Fig. 5: Hydrogen mass fraction in the anode region of the fuel cell 203 
The flow of the gas from the inlet to the outlet using this approach facilitates easy consumption 204 
of the hydrogen gas in the catalyst layer producing the electrons (e-) and protons (H+). 205 
 206 
 207 
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Concentration of oxygen  208 
Oxygen gas is introduced to the fuel cell through the cathode region and it often comes either 209 
as pure oxygen or air. The drop in concentration of the oxygen at between the inlet and outlet 210 
indicates the consumption of the oxygen as it passes the cell in this flow channel direction. The 211 
ionised oxygen atoms react with the hydrogen ions released from the anode region of the fuel 212 
cell to form water which is the by-product of the electrochemical reaction.  Fig. 6 shows oxygen 213 
mole fraction contour in the cathode region of the fuel cell which has 12 oxygen flow channels. 214 
 215 
Fig. 6: Oxygen mole fraction contour in the cathode region of the fuel cell 216 
Water concentration through the entire flow channel 217 
The hydrogen diffuses from the anodic electrode to the cathodic electrode of the PEMFC. The 218 
hydrogen ions then react with the oxygen atom at the cathodic electrode leading to the 219 
formation of water and the electrons then flow through an external circuit.  220 
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 221 
Fig. 7: Water concentration through the anode region of the fuel cell 222 
It is observed as shown in Fig. 7 that the largest amount of water will be produced in the mid 223 
region because that is where the electrochemical reaction will occur, and the water observed at 224 
the anode region is due to the fact that the hydrogen gas is 20% humidified. A careful 225 
examination of Fig.7 also shows that the water concentration increases from the inlet to the 226 
outlet. The outlet water content is lower than the inlet indicating that a good amount of water 227 
will be removed from the fuel cell even though the building up of the water often start right 228 
from the inlet and increase to the outlet. 229 
Protonic Conductivity 230 
The structure as well as membrane hydration has a huge influence on the performance of 231 
PEMFCs as it determines the efficiency of the transport of the protons to the cathode region of 232 
the membrane.  233 
Fig. 8 shows the protonic conductivity of the protons through the membrane. The protonic 234 
conductivity is usually expected to be uniform throughout the membrane indicating the 235 
availability of all regions of the membrane for electrochemical reaction to occur which leads 236 
to power density and output power increases. 237 
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 238 
Fig. 8: Contours of protonic conductivity through the membrane of the fuel cell 239 
2.2 Effect of Counter flow 240 
The cross/counter flow often leads to more current being generated by the fuel cell due to 241 
preferential arrangement of the reactive gases moving opposite to each other. As shown on Fig. 242 
9b, the current flux density obtained for the 2 flow directions indicates that more current will 243 
be generated if the cross/counter flow arrangement is used.  244 
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 245 
Fig. 9: Comparison between a) counter and b) parallel flow direction. 246 
The polarization curves shown in Fig. 10 and Fig. 11 were used to determine the best flow 247 
directions for the rest of the simulations [39]. By analyzing the polarization curves shown 248 
below, it becomes clear the counter flow pattern resulted in better performance in terms of 249 
power and current density. It showed almost 9.5 % increase in the overall current generated 250 
when compared to the parallel flow directions. With the active area of the fuel cell under 251 
investigation being 25cm2, and the cell voltage kept at 0.6V, the current density obtained using 252 
the parallel flow was 0.389A/cm2 and the corresponding power density was 0.2334 W/cm but 253 
the current density for the same constant cell voltage of 0.6A/cm2 using a counter flow direction 254 
gave the current density and power density as 0.451A/cm2 and 0.2706, respectively, clearly 255 
showing the positive impact of the fluid flow pattern on the characteristic performance of 256 
PEMFCs. 257 
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 258 
Fig. 10. Polarization curve for the parallel and counter flow direction 259 
 260 
Fig. 11. Polarization curve for counter and parallel flow 261 
 262 
 263 
 264 
 265 
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2.3 Effect of hydrogen gas humidification on the performance of the fuel cell 266 
The by-product of the electrochemical reaction in the fuel cell is water as explained earlier 267 
hence it is common for researchers not to humidify the reactive gases to avoid contributing to 268 
the flooding of the cell as this will lead to some portions of the active catalyst area become 269 
covered with water resulting in reduction of the performance of the fuel cell.  270 
The counter flow arrangement was used in the subsequent simulations discussed below. A 271 
constant cell voltage of 0.95 was maintained for simulations using dry hydrogen and 272 
humidified hydrogen as well as dried oxygen and humidified oxygen. Each of these parameters 273 
were varied systematically to determine the impact of each parameter on the overall 274 
performance of the fuel cell. 275 
 276 
Fig. 12: Current flux density magnitude contours of humidified hydrogen gas through the 277 
anode bipolar plate (amps/m2) 278 
 279 
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Fig. 12 shows the current flux density profile for a humidified hydrogen gas through the proton 280 
exchange membrane fuel cell.  281 
It can also be observed that the fuel cell generates more current if the anode reactive gas is 282 
humidified as compared to using a dry hydrogen gas as shown in Fig 13. The main rational for 283 
the occurrence of this phenomenon is because the membrane close to the anode becomes 284 
dehydrated when dry hydrogen gas is used as compared to the use of wet or humidified 285 
hydrogen gas. The dehydration increases the resistance in the cell (electrolyte) reducing the 286 
release of electrons through the externally connected circuit. 287 
 288 
Fig. 13: Current flux density magnitude for dry hydrogen gas (amps/m2) 289 
Fig. 14 also shows the mass fraction contour for both the humidified hydrogen and dry 290 
hydrogen. As expected due to the hydrogen gas being humidified in Fig. 14a, some of the area 291 
is occupied by the hydrant (water) throughout the entire flow channel compared to the dry 292 
hydrogen where the space above the membrane is predominantly hydrogen. Also in the latter 293 
case, more hydrogen gas will flow through each channel arm compared to the humidified gas, 294 
the dearth of water in the gas stream leads to reduced membrane humidification and increased 295 
resistance to proton movement with negative impact on the overall performance of the cell. 296 
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 297 
Fig 14: Mass fraction of hydrogen a) humidified b) dry hydrogen 298 
Membrane water concentration 299 
A good amount of humidification of the membrane as captured in Fig. 15 is required in order 300 
for the protonic conductivity through the membrane to be highly efficient. Using 100% dry 301 
hydrogen gas will make the membrane dry reducing the transport of the hydrogen ions through 302 
the membrane. This is one of the important reasons for the performance of PEMFCs being very 303 
low when pure dry hydrogen is used. 304 
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 305 
Fig. 15. Membrane protonic conductivity (V) a) humidified b) dry hydrogen 306 
Overpotential 307 
The overpotential through the fuel cell for both humidified and dry hydrogen gas was also 308 
studied and from Fig. 16. It can be seen that the loss due to using dry hydrogen is higher when 309 
compared to using a humidified hydrogen gas. 310 
 311 
Fig. 16: Membrane over potential (v) for dry and humidified hydrogen gas. 312 
The polarization curves of Fig. 17 show that the limiting current density when using a 313 
humidified hydrogen gas occurs slower than when using a dry hydrogen gas. This occurs 314 
21 | P a g e  
 
because the losses when a dry gas is used are always greater than when using a humidified 315 
hydrogen gas. A fuel cell cannot produce any current greater than its limiting current value 316 
hence using the dry hydrogen gas yields small amount of current from the fuel cell. 317 
 318 
Fig. 17: Comparison of the effect of using dry hydrogen and humidified hydrogen gas 319 
The same can be said of the power density curve shown in Fig. 18 where the humidified 320 
hydrogen gas performs better than the dry gas. 321 
 322 
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Fig. 18: Power density polarization curve for humidified and dry hydrogen gas 323 
2.4 Effect of humidification of the oxygen gas at the cathode region. 324 
Since the need for the hydrogen to be humidified is confirmed, the investigation progressed to 325 
determine the effect of oxygen humidification or air humidification on the performance of a 326 
fuel cell and which of the two will be the better option to improve the characteristics 327 
performance of any PEMFC. The major challenge that determines the performance of most 328 
fuel cells in general is how the by-product which is water can be removed effectively out of 329 
the fuel cell while keeping the membrane kept properly humidified.  330 
The overpotentials are affected by the water content in the fuel cell and dehydration or too 331 
much water in the fuel cell can all have adverse effects on the overall performance of the fuel 332 
cell. For good protonic conductivity, the membrane is recommended to be properly humidified. 333 
Protonic conductivity reduces in instances where the membrane is not well humidified thus 334 
increasing the cell resistance and activation overpotentials therefore increases due to the 335 
membrane drying out. Too much water will also impede the reactant transport to the active 336 
catalyst layer for electrochemical reaction to occur and this situation increases the diffusion 337 
overpotential. One proactive way of maintaining the membrane constantly hydrated is through 338 
the humidification of the oxygen gas as well. The humidification of the oxygen gas is also 339 
dependent on the gas temperature, pressure, channel design and the thickness of the membrane. 340 
The current density generated usually defines the amount of water produced by the fuel cell. 341 
Fig. 19 shows the water transport process through a fuel cell.  342 
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 343 
Fig. 19: Transport processes in Fuel cell 344 
Whenever a load is placed on the fuel cell electro-osmotic transport process occurs. As the 345 
hydrogen ions flow through the polymer from the anode to the cathode, they carry water 346 
molecules with them. The number of water molecules that the hydrogen ions carry along on 347 
average is called the electro-osmotic drag coefficient.  348 
Water diffusion through the membrane occurs when the concentration gradient in the cathode 349 
push the water through the membrane and this process is called the back diffusion. Water 350 
accumulation at the cathode region which normally leads to flooding of the fuel cell if not 351 
carefully checked is caused by these two processes: electro-osmotic drag and back diffusion. 352 
The water formed at the cathode can be removed from the PEMFC through the flow channels. 353 
Another method of removing water is by using the reactant gases. Some reactant gases carry 354 
the by product (water) along as they flow through the fuel cell especially when they are under 355 
saturated or flowing at high rates. The efficiency of water removal also depends on the 356 
operating conditions such as temperature, pressure and gas flow rates.  357 
For this investigation, the simulations were carried out using Air with 100% relative humidity 358 
(RH), Air with 50% RH and dry oxygen and the simulation results were compared with those 359 
obtained experimentally. 360 
 361 
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2.5 Performance of a fuel cell with 100% RH of Air 362 
As with the increase in the humidity of the hydrogen gas, 100% RH of air showed a better fuel 363 
cell performance as shown in Fig. 20 when compared with dry and lower RH values. This is 364 
because the humidified air did not strip the membrane of water and prevented it from becoming 365 
dry thus help protonic conductivity and also increased electro osmotic drag and back diffusion. 366 
These factors helped keep the fuel cell operating at its maximum potential.  367 
 368 
Fig. 20. Current flux density magnitude on the current collector with 100% RH of Air 369 
Fig 21 shows the water contours in the membrane which indicate that the membrane contains 370 
good amount of water which will facilitate the transport of the protons increasing the 371 
performance of the fuel cell. As the by-product of the electrochemical reaction is water, the 372 
operating cell temperature must be kept high to aid in the easy removal of the product water 373 
through vaporization to reduce the risk of flooding. 374 
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 375 
Fig. 21: Membrane water content 376 
2.6 Performance of a fuel cell with 50%RH of Air 377 
The performance of the fuel cell with 50% RH Air is slightly lower than that with 100% RH 378 
Air as shown in Fig. 22 and the fuel cell can still give good amount of current even with 50%RH 379 
Air. As before, the cell operating temperature and the flow rate of the gas should be kept at 380 
optimum conditions to reduce the possibility of the fuel cell drying out. 381 
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 382 
Fig. 22: Current flux density magnitude of the fuel cell at 50% RH of air 383 
Since the relative humidity of the air is only 50%, the membrane loses water to the air resulting 384 
in lower water contents in the membrane (Fig. 22) with corresponding reduction in the protonic 385 
conductivity of the membrane. This in turn reduces the flow of protons implying lower current 386 
density fluxes as shown in Fig. 23. This increased resistance contributes to the reduced 387 
performance of the fuel cell when compared to the cell using 100% humidified Air. 388 
 389 
27 | P a g e  
 
 390 
Fig. 23.  Membrane water content 391 
2.7 Performance of a fuel cell using dry Oxygen 392 
As expected, the use of dry oxygen will have a negative effect on the fuel cell as can be seen 393 
from the current flux density magnitude contours obtained from the dry oxygen on the current 394 
collectors as shown in Fig. 24 and the amount of current obtained was very low compared with 395 
the other simulation results with higher RH. 396 
 397 
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 398 
Fig. 24: Current flux magnitude density using dry oxygen 399 
An important factor that contributes to the reduction in the performance of PEMFC using dry 400 
oxygen is poor back diffusion at the cathode region of the fuel cell due to the membrane being 401 
dry when the dried oxygen was introduced to the cell as could be seen in Fig. 25. Even though 402 
the electro osmotic drag experienced at the anode region will maintain some amount of 403 
moisture in the membrane, the dry oxygen impacts the back-diffusion characteristics of the fuel 404 
cell and reduces the performance of the fuel cell in general. With the membrane not being 405 
adequately hydrated, the protonic conductivity of the fuel cell will also be reduced as shown in 406 
Fig. 26. The low protonic conductivity will also contribute further to the fuel cell not 407 
performing properly.  408 
 409 
29 | P a g e  
 
 410 
Fig. 25: Membrane water content of the fuel cell using dry oxygen a) anode region     b) 411 
Cathode region 412 
 413 
Fig. 26: Protonic potential of the fuel cell using dry oxygen gas 414 
 415 
 416 
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2.8 Performance of the fuel cell using 100%RH oxygen 417 
Using 100% RH oxygen showed high performance characteristics very similar to those 418 
obtained using air with 100% RH humidity.  419 
This work validate the previous postulated hypotheses to explain the high performance of using 420 
humidified oxygen as shown by the contours obtained from the current flux density magnitude 421 
plots shown in Fig. 27. 422 
 423 
Fig. 27: Current flux density magnitude using 100%RH oxygen 424 
Another reason for the high performance of the fuel cell using humidified oxygen is the easy 425 
flow of protons from the anode to the cathode due to high membrane hydration as shown in 426 
Fig. 28. Once the membrane is well humidified with a good cell operating temperature, the fuel 427 
cell will perform better at its peak. 428 
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 429 
Fig. 28: a) Membrane water content b) Protonic conductivity using humidified oxygen. 430 
Fig. 29 and Fig. 30 shows the polarization curve for comparing the various humidification 431 
conditions used in this investigation as well as the power density plots for each conditions, and 432 
these are compared with experimental results. It can be observed that the 100%RH oxygen 433 
performed better followed by the 100%RH Air and the 50%RH Air. 434 
 435 
Fig. 29: Polarization curve of the performance of the fuel cell with respect to current density 436 
and voltage 437 
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 438 
Fig. 30. Polarization curve for PEMFCs with respect to current density and power density 439 
Given the closeness of the results, and due to the cost of operating fuel cell using pure 440 
humidified oxygen, most researchers prefer using humidified air as it is readily available and 441 
abundant. 442 
3.0 Conclusion 443 
This work presents both experimental and theoretical analysis of the performance of PEMFCs 444 
with respect to water formation and water management. 445 
The experimental study used hydrogen and air and examined the performance with and without 446 
humidification and in all cases the results showed that humidification produced better overall 447 
performance in the fuel cell. Results obtained from 100% relative humidity of hydrogen and 448 
air are slightly better than those for 50% relative humidity indicating that dryer fuel or air result 449 
in water stripping from the membrane leading to increased protonic transport resistance and 450 
lower overall cell performance. This gives strong indication that to achieve the optimum 451 
performance from a PEM fuel cell, the proper level of humidification must be used to strike a 452 
balance between avoiding cell flooding and minimising protonic transport resistances. 453 
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Experimental results from this study and from the literature were used to validate a newly 454 
developed CFD simulation model which was then used to conduct parametric studies to 455 
examine the effect of several operating parameters on the PEM fuel cells overall performance. 456 
The results showed that the process of water management and overall fuel cell performance is 457 
strongly impacted by the design of the fuel cell flow plate. 458 
Simulation with 100 % relative humidity of oxygen and air showed that the use of pure oxygen 459 
provided slightly better results but they are not enough to justify the replacement of air by pure 460 
oxygen given its cost and the ease of the use of air which is readily available and requires 461 
minimal technical changes in the design of the fuel cells.  Flow rate of gases and their flow 462 
patterns also play important role in the improvement of the process of water management and 463 
the overall fuel cell performance. 464 
 465 
   466 
 467 
 468 
 469 
 470 
 471 
 472 
 473 
 474 
 475 
 476 
 477 
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 479 
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Nomenclature    
    
𝜑 Rate of change quantity   
∅ Momentum   
𝑉 Volume   
𝑇𝜑 Diffusivity coefficient   
𝑆 Source term   
𝜇 Mixture viscosity   
𝑘 Catalyst and GDL permeability   
𝑘𝑒𝑓𝑓 Effective conductivity   
ℎ𝑖 Species enthalpy   
𝑗𝑖 Species flux density   
𝜎 Electrical conductivity   
∅𝑚𝑒𝑚 Membrane phase potential   
∅𝑆𝑜𝑙 Solid phase potential   
𝑗𝑟𝑒𝑓 Reference exchange current density   
𝜁 Specific active surface area   
𝛾 Concentration dependence   
𝛼 Transfer coefficient   
            F Faradays constant   
          [A] Molar concentration of reactant at anode   
[𝐶] Molar concentration of reactant at cathode   
𝜆𝑚 Membrane water content   
𝑇𝑐𝑒𝑙𝑙 Cell temperature   
Ƞ Local species overpotential   
𝑉𝑂𝐶 Open circuit voltage   
𝑝𝑢 Upstream pressure   
𝑝𝑑 Downstream pressure   
𝑘𝑎𝑛, 𝑘𝑐𝑎 Nozzle constant   
𝐹𝑎𝑛 Input flow rate at anode   
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𝑃𝑎𝑛 total pressure in anode   
𝑃𝑠𝑎𝑡 Saturated vapour pressure   
𝑃𝐻2𝑂_𝑎𝑛 Water vapour pressure at anode   
𝑃𝑐𝑎 total pressure in cathode   
𝑃𝐻2𝑂_𝑐𝑎    Water vapour pressure at cathode   
𝑉𝑎𝑛 Volume of anode   
𝑉𝑐𝑎 Volume of cathode   
𝐹𝑐𝑎 Input flow rate at cathode   
    
    
    
    
    
    
585 
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Appendix A: Numerical Modelling. 586 
The simulation process was conducted in four stages. In the first stage a model geometry of the 587 
fuel cell was created using Solid Works 2016 then saved in Parasolid format. 588 
In the second stage a mesh was generated using ANSYS ICEM CFD. The various layers in the 589 
fuel cell were carefully defined in the mesh and the boundary conditions for each of the 9 layers 590 
in the fuel cell were properly defined. Also the inlet and outlet boundary conditions of the geometry 591 
were defined in the software. The flow direction was carefully identified as any discrepancy in the 592 
flow direction will prevent the convergence of the calculations. The operating cell temperature and 593 
pressure were also specified.  594 
In the third stage, the ANSYS Fluent solver is used to  all the governing equations that represents 595 
the conservation of mass, momentum and energy in the Cartesian plane (x,y,z), as well as the 596 
equations that account for electrochemical reactions,  currents and the species taking part in the 597 
reactions.   598 
The last stage is post processing where the results obtained from the simulation were processed to 599 
provide the necessary information for the analysis. These include current density, power density, 600 
species concentrations (hydrogen, oxygen and water), protonic conductivity and the pressure drop 601 
in  the fuel cell that aid in the analysis of the performance of the PEM fuel cell. 602 
Design of the Geometry: 603 
The geometry was created using Solid Works 2016 as explained earlier. The geometry has nine 604 
layers in all representing the entire single stack fuel cell. These layers were initially created as a 605 
2D diagram then converted to 3D using the extrude command in Solid Works. All the nine layers 606 
were then assembled together using the mating command. The nine layers are the anode current 607 
collectors, anode channel, anode diffusion layer, anode catalyst layer, membrane, cathode catalyst 608 
layer, cathode diffusion layer, cathode Channel and cathode current collector. Fig. A1 shows one 609 
of the assembly layers in solid works. 610 
 611 
 612 
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 613 
 
 
 614 
Fig. A1: Exploded View of Fuel Cell Assembly with Round Serpentine Flow Plate Design in Solid Works 615 
  616 
 617 
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The various dimensions for each layer are clearly specified in Table A1. The serpentine design 618 
that was used during the simulation was made up of a single channel just like what is on the market 619 
to clearly differentiate the effect of each of the humidification condition on the fuel cell 620 
performance. 621 
Table A1. The dimensions for the modelled PEMFC 622 
Layers Dimensions Units 
Thickness of the membrane 0.05 mm 
Catalyst layer thickness 0.15 mm 
Gas diffusion layer 
thickness 
0.5 mm 
Width of the flow channel 1.99 mm 
Land to width 1.99 mm 
Width of the current 
collector 
2 mm 
Inclination 5 deg 
 623 
Meshing of the Geometry 624 
One of the key conditions that would aid in confirming the validity of the simulation results is the 625 
quality of the mesh. An improperly meshed geometry will not simulate the geometry and the 626 
system behaviour accurately.  627 
The mesh was developed by considering each layer separately as they have different dimensions 628 
particularly with the thickness and channel length. Using the blocking method, each layer is 629 
meshed separately. This approach allowed for better definition of the mesh elements shapes and 630 
sizes allowing for the creation of hexahedral elements to better define the mesh to capture the 631 
thermal and hydraulic behaviour of the fuel cell as well as the electrochemical reactions. Mesh 632 
independency, or convergence tests, were then performed to ensure that the model results are 633 
independent of the number or size of the elements of the grid. The initial mesh tests had 2015321 634 
elements, 2517821 elements and 3010212 elements. It was observed that above 2,517821 the 635 
results were grid independent. The voltage difference obtained as the mesh elements increased 636 
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above 2517821 was less than 1% as can be seen in Fig.  A2. The mesh convergence studies were 637 
repeated for all the designs used in this study. The discretization of the cells was also done using 638 
ICEM CFD for building the unit cells. The simulation of PEMFCs is complex and requires the 639 
computational grid elements to be of very good quality if reliable results is to be obtained. This is  640 
also important as it impacts on solver stability during the solution process [34] and the 641 
computational resources required to achieve convergence and better accuracy. 642 
 643 
 644 
Fig. A2. Types of mesh applied to simulation. 645 
It is commonly believed that an increase in the number of elements (fine mesh) implies that the 646 
results generated will be of better accuracy but this approach requires large resources to carry out 647 
the simulations. A more efficient approach is to refine the mesh using the tools providing in the 648 
meshing software to obtain better quality cells and mesh and to strike a good balance between the 649 
acceptable level of accuracy and the necessary computational time. It is therefore imperative that 650 
grid independent analysis is properly conducted to ensure the validity of the simulation results. 651 
The histogram of Fig. A3 shows that above 2500000 elements the current being generated was the 652 
same for a cell voltage of 0.4. 653 
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 654 
Fig. A3: Mesh dependency analysis. 655 
Fuel Cell Mathematical Model: 656 
A fuel cell is an energy conversion device used for the conversion of the chemical energy in fuel(s) 657 
directly into electrical energy. The fuel cell has the triple-phase boundary condition referred to as 658 
the catalyst layer. Fig. A4 shows the schematic diagram of a typical configuration of PEM fuel 659 
cell as illustrated in ANSYS Fluent 15.0 Fuel Cell module manual [39]. The computational fluid 660 
domain is also made up of the ionic conducting electrolyte. From Fig. A3, it can be seen that the 661 
flow of hydrogen into the fuel cell occurs via the anode region. The anode region reactive gas then 662 
diffuses through the pores of the GDL before reaching the catalyst active sites of the fuel cell. On 663 
reaching the catalyst, it dissociates into protons and electrons with the former flowing through the 664 
membrane towards the cathode region and the electrons flowing through an external load circuit 665 
producing the current. The electrons then flow from the anode electrode, via the current collectors 666 
and GDL to the cathode. Hydrogen ions, electrons and oxygen then combine at the cathode 667 
forming water. 668 
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 669 
Fig. A4. Diagram of a proton exchange membrane fuel cell [39] 670 
Two electric potential fields are solved in fuel cell Ansys Fluent.  One of the potentials is 671 
mathematically computed in the electrolyte as well as the catalyst layer whiles the other 672 
computation is solved for the catalyst layer, the electrode being porous in nature and current 673 
collectors. The determination of rate of electrochemical reaction is solved in the catalyst region. 674 
By varying the electric potential for the cathode region whiles grounding that of the anode region 675 
to zero, the current density value can easily be computed. Similarly, it is possible to determine the 676 
cell voltage by specifying the cell current. Eqn. A1 and Eqn. A2 show the triple phase boundary 677 
layers (TPB) for the anode and cathode.  678 
 679 
𝐻2↔ 2𝐻
+ +2𝑒−     (𝐴𝑛𝑜𝑑𝑒 𝑇𝑟𝑖𝑝𝑙𝑒 𝑝ℎ𝑎𝑠𝑒 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦) (A1) 
 680 
                                             681 
1
2⁄ 𝑂2 + 2𝑒
− + 2𝐻+ ↔ 𝐻2𝑂 (𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝑇𝑟𝑖𝑝𝑙𝑒 𝑝𝑎ℎ𝑠𝑒 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦) (𝐴2) 
 682 
Electrons flow through the external circuit to the cathode while the protons (H+) diffuse through 683 
the membrane from the anode triple phase boundary to the cathode triple phase boundary creating 684 
electrical circuit. Water vapour pressure exceeds the saturation pressure producing liquid water as 685 
excess water is produced around the cathode region at high current densities due to osmotic drag, 686 
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back diffusion and the electrochemical reaction occurring on the porous catalyst layer in the fuel 687 
cell. The transport of water away from the cathode region is very important as it impacts the 688 
performance of the fuel cell. 689 
Electrochemistry modelling. 690 
Using fluent 15.0 all the governing equations were solved for the modelled proton exchange 691 
membrane fuel cell. Double precision serial processing is used in Fluent and model, steady laminar 692 
flow was assumed. The fuel cell being an add-on package in ANSYS was introduced to integrate 693 
fluid dynamics equations and the electrochemical equations in Ansys Fluent. The Navier-Stokes 694 
equations (Eq. A3) describing the 3-dimensional fluid flow in the cell were solved in Fluent using 695 
turbulence modelling to obtain approximate solutions. Similar approaches were used to treat heat 696 
transfer and electrochemical reactions. 697 
𝜕
𝜕𝑡
∫𝑝𝜑𝑑𝑉 + ∮𝑝𝜑𝑉. 𝑑𝐴 + ∮𝑇𝜑∇𝜑. 𝑑𝐴 =  ∫𝑆𝜑𝑑𝑉 (A3) 
The conservation equation explains how the rate of change of a quantity 𝜑 in a control volume 698 
plus transport due to convection and species diffusion in and out of the control volume are the 699 
source term. The quantity transported (energy, momentum) is ∅, t is time, A is area of the surface, 700 
V is the volume, 𝑇𝜑 is the diffusivity coefficient, S is source term. Mass conservation which factors 701 
in the fluid streamline, mass dispersion and electrochemical responses were taken into 702 
consideration and incorporated into the continuity equation. The continuity equation is shown as 703 
Eqn. A4. 704 
∇(?⃗? ) = 𝑆𝑚 (A4) 
Where Sm is the species sources term and (?⃗? ) is the fluid velocity vector. 705 
Eqn. A5 shows steady state flow momentum equation: 706 
𝑝
(?⃗? )
𝑑𝑡
= −∇ ∙ 𝑝 + 𝜇(∇2 ∙ ?⃗? ) + 𝑆𝑝 (A5) 
where 𝜇 is mixture viscosity, p the static pressure, 𝜌 is the density and 𝑆𝑝 is source term which is 707 
given by: 708 
  709 
47 | P a g e  
 
𝑆𝑝 = −(
𝜇
𝑘
) (A6) 
where  is the gas velocity, k is the catalyst layer and GDL permeability, (?⃗? )  is the superficial 710 
velocity. 711 
The equation for the energy is also solved using the steady state energy equation as shown in Eqn. 712 
(A7). 713 
∇ ∙ [?⃗? (𝜌𝑡 + 𝑝)] =  ∇(𝑘𝑒𝑓𝑓∇𝑇 − ∑ℎ𝑖𝐽𝑖⃗ 
𝑖
) (A7) 
 714 
The total energy is represented by E, keff is the effective conductivity, hi is species enthalpy and Ji 715 
is species flux density. Species transport equation also considered mass conservation for the type 716 
of gas to focus on the mass fraction of each of the species𝑦𝑖. Eqn. A8 shows the species transport 717 
equation. 718 
  719 
∇ ∙ (𝜌?⃗? 𝑦𝑖) = −∇𝐽𝑖⃗ + 𝑆𝑖 (A8) 
 720 
The source term of the species is represented by Si,  and 𝐽𝑖⃗  is the species flux density. Since the 721 
fluid flow through the flow field is laminar, diffusion is given by: 722 
𝐽
→
𝑖
= −𝑝𝐷𝑖 . ∇. 𝑦𝑖               (A9) 723 
ℎ𝑖𝐽𝑖⃗ = −𝑝𝐷𝑖 ∙ ∇ ∙ 𝑦𝑖  
where Di is the diffusion coefficient for the species i. 724 
The following assumptions were made prior to the simulations. All the reactant gases are assumed 725 
be behave as ideal gases. 726 
 Fluid flow is assumed to be incompressible, laminar and steady. 727 
 The temperature was maintained at 353K for all the simulation work. 728 
 The isotropic porous zones considered during the simulation were the catalyst layers, GDL 729 
and the electrolyte. 730 
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 The active region where electrochemical reaction occurred was also considered as the TPB 731 
or the catalyst layer. 732 
 Gravitational effects were negligible. 733 
 Transfer of water through the electrolyte was as a result of back diffusion and electro 734 
osmotic drag only. 735 
Fig. A5 shows the boundary conditions for the electric potential in PEM FC. The computation of 736 
the rates of the anodic and cathodic reactions is the main challenge with the electrochemical 737 
simulations. The surface potential is the main driving force behind these reactions. The surface 738 
potential is simply the difference between the phase potential of the solid and the phase potential 739 
of the electrolyte/membrane. Two equations are solved for the fuel cell model. The first equation 740 
(Eqn. A10) accounts for electrons (𝑒−) transport through the solid conducting materials such as 741 
the current collectors and solid grids of the porous media, whiles the other potential Eqn. (A4) 742 
represents the protonic transport of H+ and O-2. 743 
  744 
Fig. A5: Boundary conditions for the Electric potential (Solid Membrane)[40] 745 
 746 
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 747 
∇. (𝜎𝑆𝑜𝑙 ∇ ∅𝑆𝑜𝑙) + 𝑅𝑆𝑜𝑙 = 0 (A10) 
  748 
∇ ∙  (𝜎𝑚𝑒𝑚  ∇  ∅𝑚𝑒𝑚) + 𝑅𝑚𝑒𝑚 = 0 (A11) 
 749 
where 𝜎 represents the electrical conductivity (1/ohm-m), ∅ represents the electric potential 750 
(Volts), R represents the volumetric transfer current (A/m3).  751 
Two types of external boundary exist. The first is those that have electrical current flowing through 752 
them and boundaries where current do not flow through them. There is virtually no loss of an ionic 753 
current in the PEMFC via the boundary externally, hence the external surface boundary conditions 754 
for the membrane phase potential ∅𝑚𝑒𝑚 is zero indicating no exchange through the external 755 
boundaries. The solid phase potential ∅𝑆𝑜𝑙 has external boundaries for anode and cathode electrode 756 
connected directly to the external electric circuit and it is through these boundaries that the current 757 
produced by the PEMFC passes. Fixed values were set for the ∅𝑆𝑜𝑙 (potentiostatic boundary 758 
conditions). The anode boundary condition is usually set to zero and the cathode boundary 759 
condition is positive and this is the cell voltage. In situations where a constant flux is specified in 760 
the cathode region, this means specifying galvanostatic boundary conditions. The current transfer 761 
is non – zero for the catalyst layers. 762 
Solid phase, 𝑅𝑆𝑜𝑙= - 𝑅𝑎𝑛(< 0) for the anodic electrode and 𝑅𝑠𝑜𝑙 = + 𝑅𝑐𝑎𝑡(> 0) for the cathodic 763 
electrode. Membrane phase, 𝑅𝑚𝑒𝑚 = + 𝑅𝑎𝑛(> 0) for the anodic side and 𝑅𝑚𝑒𝑚 =  −𝑅𝑐𝑎𝑡 (< 0) 764 
for the cathodic electrode. Current density can also be calculated further using the butler volmer 765 
equation as shown in Eqn A12 and A13 for the anode and cathode respectively. 766 
= (  -   767 
𝑅𝑎𝑛 = (𝜁𝑎𝑛𝑗𝑎𝑛
𝑟𝑒𝑓) (
[𝐴]
[𝐴]𝑟𝑒𝑓
)
𝛾𝑎𝑛
(𝑒𝛼𝑎𝑛𝐹Ƞ𝑎𝑛 / 𝑅𝑇 − 𝑒−𝛼𝑐𝑎𝑡𝐹Ƞ𝑎𝑛 / 𝑅𝑇) [A12] 
 768 
=   769 
𝑅𝑐𝑎𝑡 = (𝜁𝑐𝑎𝑡𝑗𝑐𝑎𝑡
𝑟𝑒𝑓) (
[𝐶]
[𝐶]𝑟𝑒𝑓
)
𝛾𝑐𝑎𝑡
(−𝑒
+𝛼𝑎𝑛𝐹Ƞ𝑐𝑎𝑡 𝑅𝑇 − 𝑒−𝛼𝑐𝑎𝑡𝐹Ƞ𝑐𝑎𝑡 / 𝑅𝑇 ) [A13] 
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 770 
where 𝑗𝑟𝑒𝑓 is the reference exchange current density for the active surface area (A/m2),  𝜁 is the 771 
specific active surface area (1/m),  [] and  []ref indicate  local species concentration and  reference 772 
value (kmol/m3), respectively. 𝛾 is concentration dependence 𝛼 is the transfer coefficient 773 
(dimensionless) and F is Faraday’s constant (9.65 x 107 C/kmol) 774 
Tafel formula is the simplified version of the Butler-Volmer equation and is shown in Eqn. A14 775 
and A15. 776 
 777 
𝑅𝑎𝑛 = (𝜁𝑎𝑛𝑗𝑎𝑛
𝑟𝑒𝑓) (
[𝐴]
[𝐴]𝑟𝑒𝑓
)
𝛾𝑎𝑛
(𝑒𝛼𝑎𝑛𝐹Ƞ𝑎𝑛 / 𝑅𝑇) [A14] 
 778 
 779 
𝑅𝑐𝑎𝑡 = (𝜁𝑐𝑎𝑡𝑗𝑐𝑎𝑡
𝑟𝑒𝑓) (
[𝐶]
[𝐶]𝑟𝑒𝑓
)
𝛾𝑐𝑎𝑡
(−𝑒+𝛼𝑎𝑛𝐹Ƞ𝑐𝑎𝑡 / 𝑅𝑇) [A15] 
 780 
To accurately calculate the transfer currents inside the catalysts layers in fuel cells, ANSYS Fluent 781 
uses the Butler-Volmer equation. From Eqns. A12 – A15, the molar concentration of the reactant 782 
species at anode and cathode electrodes are represented by [A] and [C] respectively. The A 783 
represents the hydrogen concentration and the C is the concentration of oxygen. The local surface 784 
overpotential driving force for the kinetics is denoted by Ƞ. The overpotential is also referred to as 785 
the activation loss. The difference between the membrane potential and the solid potential is the 786 
overpotential.  The gain in electrical potential from moving from the anode electrode to the cathode 787 
electrode is calculated by subtracting the open-circuit voltage 𝑉𝑂𝐶 of the cathode electrode. 788 
 789 
Ƞ𝑎𝑛 = ∅𝑆𝑜𝑙 − ∅𝑚𝑒𝑚 [A16] 
 790 
Ƞ𝑐𝑎𝑡 = ∅𝑆𝑜𝑙 − ∅𝑚𝑒𝑚 − 𝑉𝑂𝐶 [A17] 
 791 
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Using volumetric species mass terms is also a method of adhering to mass conservation. 792 
 793 
𝑆𝐻2 = −
𝑀𝑊,𝐻2
2𝐹
 𝑅𝑎𝑛  < 0 [A18] 
 794 
 795 
𝑆𝑂2 = −
𝑀𝑊,𝑂2
2𝐹
 𝑅𝑐𝑎𝑡  < 0 [A19] 
 796 
 797 
𝑆𝐻2𝑂 = −
𝑀𝑊,𝐻2𝑂
2𝐹
 𝑅𝑎𝑛 > 0 [A20] 
 798 
The species source term (Kg/s.m3) in this case is represented by 𝑆𝑋 and 𝑀𝑊 is the species molecular 799 
mass (kg/kmole). The equation has a negative sign indicating that the hydrogen and oxygen are 800 
depleting by reaction while water is formed. Conservation of electric current is described by Eq. 801 
A21 shown below. 802 
 803 
∫𝑅𝑎𝑛𝑑𝑉
𝑎𝑛
= ∫𝑅𝑐𝑎𝑡𝑑𝑉
𝑐𝑎𝑡
 [A21] 
 804 
 805 
The volumetric sources for thermal energy are needed because not all of the chemical energy is 806 
converted to electrical work. The thermal energy equation is used to describe the process: 807 
 808 
𝑆ℎ = ℎ𝑟𝑒𝑎𝑐𝑡 − 𝑅𝑎𝑛,𝑐𝑎𝑡Ƞ𝑎𝑛,𝑐𝑎𝑡 + 𝐼
2𝑅𝑜ℎ𝑚 + ℎ𝐿 [A22] 
 809 
where the net rate of change in enthalpy (J/s) as a result of electrochemical reactions is represented 810 
by ℎ𝑟𝑒𝑎𝑐𝑡. 𝑅𝑎𝑛,𝑐𝑎𝑡Ƞ𝑎𝑛,𝑐𝑎𝑡 is the product of anode overpotential and transfer current or cathode 811 
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potential and transfer current.  𝑅𝑜ℎ𝑚 is the conducting media ohmic resistivity and I is the current 812 
(A). ℎ𝐿 is the enthalpy change due phase change of water. The flow through the porous media of 813 
the gas diffusion layers and catalyst layer was also modelled by adding a negative source that 814 
represents the flow pressure drop into the species equations and computing species diffusivities.  815 
Many mathematical expressions were used to represent each process occurring at each region in 816 
the fuel cell as explained earlier. The continuity, momentum transport, energy, hydrogen transport 817 
at the anode region, oxygen transport, water transport at both the anode and cathode region can all 818 
be represented by mathematical expressions.  819 
The earlier equations (A3-A22) can also be grouped into specific sections as indicated in Table 820 
A2.821 
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 822 
Table A2: Governing equations of the fuel cell model. 
Governing  
Equations 
Mathematical expressions 
Continuity 𝜕(𝑝
𝑢
→)
𝜕𝑥
+ 
𝜕(𝑝
𝑣
→)
𝜕𝑦
+ 
𝜕(𝑝
𝑤
→)
𝜕𝑧
=  𝑆𝑀 
a 
Momentum  
transport 
𝑢
𝜕(𝑝
𝑢
→)
𝜕𝑥
+  𝑣
𝜕(𝑝
𝑢
→)
𝜕𝑦
+  𝑤
𝜕(𝑝
𝑢
→)
𝜕𝑧
=  
𝜕𝑝
𝜕𝑥
+ 
𝜕
𝜕𝑥
(𝜇
𝜕
𝑢
→
𝜕𝑥
) + 
𝜕
𝜕𝑦
(𝜇
𝜕
𝑢
→
𝜕𝑦
) + 
𝜕
𝜕𝑧
(𝜇
𝜕
𝑢
→
𝜕𝑧
) + 𝑆𝑝𝑥   
𝑢
𝜕(𝑝
𝑣
→)
𝜕𝑥
+  𝑣
𝜕(𝑝
𝑣
→)
𝜕𝑦
+  𝑤
𝜕(𝑝
𝑣
→)
𝜕𝑧
=  
𝜕𝑝
𝜕𝑥
+ 
𝜕
𝜕𝑥
(𝜇
𝜕
𝑣
→
𝜕𝑥
) + 
𝜕
𝜕𝑦
(𝜇
𝜕
𝑣
→
𝜕𝑦
) + 
𝜕
𝜕𝑧
(𝜇
𝜕
𝑣
→
𝜕𝑧
) + 𝑆𝑝𝑦  
𝑢
𝜕(𝑝
𝑤
→)
𝜕𝑥
+  𝑣
𝜕(𝑝
𝑤
→)
𝜕𝑦
+  𝑤
𝜕(𝑝
𝑤
→)
𝜕𝑧
=  
𝜕𝑝
𝜕𝑥
+ 
𝜕
𝜕𝑥
(𝜇
𝜕
𝑤
→
𝜕𝑥
) + 
𝜕
𝜕𝑦
(𝜇
𝜕
𝑤
→
𝜕𝑦
) + 
𝜕
𝜕𝑧
(𝜇
𝜕
𝑤
→
𝜕𝑧
) + 𝑆𝑝𝑧  
 
 
 
b 
Energy 𝜕(𝑝𝐶𝑇)
𝜕𝑥
+ 𝑣
𝜕(𝑝𝐶𝑇)
𝜕𝑦
+  𝑤
𝜕(𝑝𝐶𝑇)
𝜕𝑧
=  
𝜕
𝜕𝑥
(𝑘
𝜕𝑇
𝜕𝑥
) + 
𝜕
𝜕𝑦
(𝑘
𝜕𝑇
𝜕𝑦
) + 
𝜕
𝜕𝑧
(𝑘
𝜕𝑇
𝜕𝑧
) + 𝑆ℎ    
c 
Hydrogen 
transport 
(anode) 
𝑢
→
𝜕(𝑝𝑦𝐻2)
𝜕𝑥
+ 
𝑣
→
𝜕(𝑝𝑦𝐻2)
𝜕𝑦
+ 
𝑤
→
𝜕(𝑝𝑦𝐻2)
𝜕𝑦
=  
𝜕(
𝐽𝑋,𝐻2
→   )
𝜕𝑥
+ 
𝜕(
𝐽𝑦,𝐻2
→   )
𝜕𝑦
+ 
𝜕(
𝐽𝑧,𝐻2
→  )
𝜕𝑧
+ 𝑆𝐻2      
d 
Water 
transport 
(anode) 
𝑢
→
𝜕(𝑝𝑦𝑎𝑤)
𝜕𝑥
+ 
𝑣
→
𝜕(𝑝𝑦𝑎𝑤)
𝜕𝑦
+ 
𝑤
→
𝜕(𝑝𝑦𝑎𝑤)
𝜕𝑦
=  
𝜕(
𝐽𝑋,𝑎𝑤
→   )
𝜕𝑥
+ 
𝜕(
𝐽𝑦,𝑎𝑤
→   )
𝜕𝑦
+ 
𝜕(
𝐽𝑧,𝑎𝑤
→  )
𝜕𝑧
+ 𝑆𝑎𝑤     
e 
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Oxygen 
transport 
(Cathode) 
𝑢
→
𝜕(𝑝𝑌𝑂2)
𝜕𝑥
+ 
𝑣
→
𝜕(𝑝𝑌𝑂2)
𝜕𝑦
+ 
𝑤
→
𝜕(𝑝𝑦𝑂2)
𝜕𝑦
=  
𝜕(
𝐽𝑋,𝑂2
→   )
𝜕𝑥
+ 
𝜕(
𝐽𝑦,𝑂2
→   )
𝜕𝑦
+ 
𝜕(
𝐽𝑧,𝑂2
→  )
𝜕𝑧
+ 𝑆𝑂2      
f 
Water 
transport 
(Cathode) 
𝑢
→
𝜕(𝑝𝑦𝑐𝑤)
𝜕𝑥
+ 
𝑣
→
𝜕(𝑝𝑦𝑐𝑤)
𝜕𝑦
+ 
𝑤
→
𝜕(𝑝𝑦𝑐𝑤)
𝜕𝑦
=  
𝜕(
𝐽𝑋,𝑐𝑤
→   )
𝜕𝑥
+ 
𝜕(
𝐽𝑦,𝑐𝑤
→  )
𝜕𝑦
+ 
𝜕(
𝐽𝑧,𝑐𝑤
→  )
𝜕𝑧
+ 𝑆𝑐𝑤   
g 
Source terms 𝑆𝑚 = 𝑆𝐻2 + 𝑆𝑎𝑤         𝑆𝑚 = 𝑆𝑂2 + 𝑆𝑐𝑤 
𝑆𝑝𝑥 = 
𝜇
𝑢
→ 
𝑘
          𝑆𝑝𝑦 = 
𝜇
𝑣
→
𝑘
          𝑆𝑝𝑧 = 
𝜇
𝑤
→
𝑘
 
𝐽𝑖
→ = −𝑝𝐷𝑖∇. 𝑦𝑖 
𝑆ℎ = 𝐼
2𝑅𝑜ℎ𝑚 + ℎ𝑟𝑒𝑎𝑐𝑡 + Ƞ𝑎𝑐𝑡𝑅𝑎𝑛,𝑐𝑎  
𝑆𝐻2 = −
𝑀𝐻2
2𝐹
𝑅𝑎𝑛 
𝑆𝑎𝑤 = −
𝑀𝐻2𝑂
𝐹
𝑅𝑎𝑛 
𝑆𝑎𝑤 = −
𝑀𝑂2
4𝐹
𝑅𝑐𝑎 
𝑆𝑐𝑤 = −
𝑀𝐻2𝑂
2𝐹
𝑅𝑐𝑎 
 
h 
i 
j 
 
k 
l 
 
m 
 
n 
 
o 
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Charge 
Transport 
∇. (𝜎𝑆𝑜𝑙 ∇ ∅𝑆𝑜𝑙) + 𝑅𝑆𝑜𝑙 = 0                          ∇. (𝜎𝑚𝑒𝑚  ∇  ∅𝑚𝑒𝑚) + 𝑅𝑚𝑒𝑚 = 0 P 
 823 
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 824 
Boundary conditions 825 
The cell temperature for this study was kept at 80oC for both the experimental work and the 826 
simulation. The detailed boundary conditions and zones used in the simulation work are shown in 827 
Tables A3 – A5. The different simulation runs conducted for the separate designs required different 828 
times for convergence to occur. From literature [35] more time is required for convergence to 829 
occur at higher flow rates than at lower flow rates due to the fact that the low flow rate involves 830 
the Stefan-Maxwell equation (Full multicomponent diffusion method) which is used in the 831 
simulation instead of the Fick’s law (Dilute approximation method) that is used for high flow rates 832 
thus making the computational model more complex with the values set for under-relaxation 833 
factors in Fluent being reduced to enable the calculations to reach stability.  834 
In order to confirm convergence of simulations in this study, an approach similar to that used by 835 
Arvay et al [36] is used. In their work, they reported that using the residual monitoring alone was 836 
not enough to confirm convergence of the simulations and another indicator such  as confirming 837 
the consistency of the calculated voltage and comparing the current calculated from the amount of 838 
the consumed fuel mass with the boundary current is required. 839 
Table A3: Boundary zone assignment 840 
Anode inlet Inlet – anode  Mass flow inlet 
Cathode inlet Inlet – cathode  Mass flow inlet 
Anode outlet Outlet – anode  Pressure outlet 
Cathode outlet Outlet – cathode  Pressure outlet 
Anode terminal Terminal – anode Wall  
Cathode terminal  Terminal – cathode  Wall 
Anode flow field  Ch – a  Wall 
Cathode flow field Ch – c  Wall 
Anode current collectors Cc - a Wall 
Cathode current collectors Cc - c Wall 
Anode gas diffusion layer Diff-a Wall 
Cathode gas diffusion layer Diff-a Wall 
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 841 
Table A4: Boundary conditions 842 
Boundary conditions Type Value Unit 
Anode Inlet  Mass flow inlet 6.0 x 10-7 Kg/s 
Cathode Inlet Mass flow inlet 5.0 x 10-6 Kg/s 
Anode – outlet  Outlet Pressure 200000 (2bar) Pascals 
Cathode – Outlet   Outlet Pressure 200000 (2bar) Pascals 
Anode – Wall   Wall No slip - 
Cathode – Wall    wall No slip - 
 843 
Table A5: Zone assignments 844 
Anode catalyst layer Catalyst – anode  Fluid 
Cathode catalyst layer Catalyst – cathode Fluid 
Anode flow field Ch – anode  Fluid 
Cathode flow field Ch – cathode Fluid 
Anode gas diffusion layer Diff – anode  Fluid 
Cathode gas diffusion layer Diff – cathode  Fluid 
Membrane Mem Fluid 
Anode collector cc- anode  Solid 
Cathode collector cc- cathode  Solid 
 845 
To prevent divergence in the calculations and water saturation, the source term value and the water 846 
saturation under relaxation factor were kept low and this made the convergence of the water 847 
saturation value very slow. It was observed that after more than 1500 iterations, the voltage and 848 
current usually converged but the  water saturation value took longer time before converging when 849 
the source term and water saturation under relaxation factors were kept between 0.7 and 0.05. 850 
Another approach suggested by Iranzo et al [38] was also considered for monitoring convergence. 851 
This is based on monitoring the average value of the membrane water content and water saturation. 852 
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The solution procedure utilized the Semi-Implicit Method for Pressure Linked Equations 853 
(SIMPLE) algorithm. This algorithm is a guess and correct method in which the pressure and 854 
velocities were calculated and updated in all the iterations. 855 
For a well refined computational grid, the speed with which the solution will converge becomes 856 
fast and the algebraic multigrid (AMG) was also used to help with the convergence process.  The 857 
second order upwind solver discretization scheme was used in the simulations. 858 
The open circuit voltage was set at 1.2V. The anodic and cathodic electrode zones were clearly 859 
defined in the mesh and named as shown in Table A5 above. The active area of the fuel cell was 860 
25mm2. With the exception of the current collectors for each electrode of the fuel cell, all other 861 
parts were defined as fluid zones. The mathematical description of the mass flow rate is shown in 862 
Eq. A23. 863 
[𝜂𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡] =
𝑖𝐴
𝑛𝐹
 [A23] 
 864 
where i is the current density, A is the active area of the PEMFC which is 25mm2 (0.0025m2), n 865 
represents the various oxidation numbers for hydrogen and oxygen which are  2 and 4, 866 
respectively, and F is the Faradays’ constant which is 96,485 C mol-1.  867 
The mass fractions of the species at the inlet of the anode were set to 0.8 for hydrogen and 0.2 for 868 
water. The mass fractions of the species at the cathode inlet were set at 0.2 for oxygen and 0.1 for 869 
water. The operating pressure and temperature for the entire simulation for all the humidification 870 
conditions were  maintained at 2 bar and 353 K, respectively.  871 
 872 
  873 
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Appendix B: Experimental Validation of Simulation Results 874 
The experimental results from this study as well as other earlier reported results from Cheng et al. 875 
[40] were used to validate the results obtained from the simulation model developed in this study. 876 
The parameters used in the laboratory experiment were the same as those used in the CFD 877 
simulations. 878 
The fuel cell used in the experiments is a one cell stack PEM fuel cell made of Nafion membrane. 879 
The surface area of the fuel cell (active area) was 25cm2 with a thickness of 27µm and a platinum 880 
catalyst layer loading of 0.3 mg Pt/cm2. Pure hydrogen is used as fuel supply and this was provided 881 
by a hydrogen generator. A flow meter was used to determine the flow rate of the gas and the 882 
supply of the hydrogen to the fuel cell was in dead end mode as shown in Fig B1. It implies that 883 
all the hydrogen supplied was assumed to be consumed by the fuel cell.  884 
 885 
Fig. B1. Dead end mode (Rate of hydrogen supplied is equal to rate of hydrogen consumed 886 
To keep the hydrogen gas constantly pressurized, a valve was attached to the anode region of the 887 
fuel cell and this valve was often opened to allow the by-product of the electrochemical reaction 888 
to leave the fuel cell. The fuel cell used was air breathing and it is  shown in Fig. B2. 889 
 890 
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Fig. B2: Air channels for oxygen supply. 891 
A fan was attached to the cell to help in cooling and also functioned as  oxygen (air) supply to the 892 
fuel cell. The experimental set up is shown schematically in Fig. B3 and Fig. B4. 893 
 894 
Fig. B3: Schematic drawing of the fuel cell testing set up 895 
 896 
Fig. B4: Experimental set up showing the various connections and hydrogen generator. 897 
The setup consists of a hydrogen generator for supplying pure hydrogen to the fuel cell through an 898 
electrolytic process. The pressure of the hydrogen leaving the hydrogen generator was controlled 899 
and kept constant. The hydrogen gas was then channelled through a flow meter that measured the 900 
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gas flow rate. The hydrogen was then humidified by passing it through a humidification chamber 901 
as shown in Fig. B5. 902 
 903 
Fig. B5. Humidification chamber. 904 
A Gamry potentiostat was used to determine the characteristic performance of the fuel cell and a 905 
thermocouple was attached to the fuel cell to measure its operating temperature. The 906 
humidification chamber was filled with water and the temperature of the water was manipulated 907 
using a hot plate as shown in Fig. B5. 908 
 909 
 910 
